Locomotion profoundly changes sensory responses in mouse primary visual cortex. These changes are thought to arise from a disinhibitory circuit, whereby interneurons expressing vasoactive intestinal peptide (Vip) inhibit those expressing somatostatin (Sst), thus disinhibiting pyramidal cells (Pyr). We studied the effect of locomotion on these cell types and on interneurons expressing parvalbumin (Pvalb) in layer 2/3 of mouse V1, and found inconsistencies with the disinhibitory model. Locomotion increased Sst cell responses to large stimuli and to full field gray screen, without decreasing them in Vip cells. Moreover, it increased Vip cell responses to small stimuli, without decreasing them in Sst cells. Signal and noise correlations between cell types provided further evidence against the disinhibitory model. Our data resolve apparent contradictions in the literature and suggest an alternative to the disinhibitory model, where Vip and Sst cells inhibit each other in a circuit whose effect depends on stimulus and behavioral state.
Introduction
Neocortical interneurons can be divided into genetically distinguishable types, which are arranged in specific functional circuits (Jiang et al., 2015; Kepecs and Fishell, 2014; Markram et al., 2015; Pfeffer et al., 2013; Tasic et al., 2016; Zeisel et al., 2015) . There is great interest in understanding how these circuits map to specific features of cortical operation, and how different interneuron types influence each other and ultimately shape the activity of excitatory neurons.
In recent years, a "disinhibitory model" has been proposed as a canonical feature of many cortical areas. This model rests on converging evidence that somatostatin (Sst) interneurons are a principal target of interneuron-selective interneurons, such as those expressing vasoactive intestinal peptide (Vip). This arrangement has been observed anatomically in the hippocampus (Acsady et al., 1996a; Acsady et al., 1996b) , and functionally in auditory cortex (Pi et al., 2013) , medial prefrontal cortex (Pi et al., 2013) , and visual cortex (Fu et al., 2014; Karnani et al., 2016a; Pfeffer et al., 2013) . Sst neurons in turn inhibit most other cortical neuronal classes, including pyramidal (Pyr) cells, and Vip and parvalbumin (Pvalb) interneurons, but not other Sst interneurons (Jiang et al., 2015; Karnani et al., 2016b; Pfeffer et al., 2013) .
In sensory cortex, this disinhibitory circuit might underlie the modulation of sensory responses by behavioral states such as whisking, arousal, and locomotion. In barrel cortex, for instance, whisking increases the activity of Vip cells while decreasing the activity of Sst cells, and increases dendritic activity in Pyr neurons (Gentet et al., 2012; Lee et al., 2012) . Furthermore, while the activity of Pyr cells correlates strongly with that of Pvalb cells, as predicted by the disinhibitory model it correlates weakly or negatively with the activity of Sst cells (Gentet et al., 2010; Gentet et al., 2012) . In visual cortex, Vip cells are activated when animals run (Fu et al., 2014; Reimer et al., 2014) , so a disinhibitory circuit might also explain why visually-driven activity increases during locomotion Erisken et al., 2014; Niell and Stryker, 2010) .
The disinhibitory circuit thus makes a key prediction: that locomotion should decrease the activity of Sst neurons. The data in this regard, however, are contradictory. One study reported that running caused a mild but significant reduction in Sst neuron activity, thus supporting the hypothesis (Fu et al., 2014) , but another study reported the opposite effect (Polack et al., 2013 ) and yet another found that Sst cells can have both behaviors (Reimer et al., 2014) .
Indirect evidence to support this prediction comes from visual cortex, where locomotion decreases the strength of a phenomenon, size tuning, that is thought to depend on Sst interneurons. Size tuning is the property of many V1 neurons to respond maximally to stimuli of a finite size, while reducing their firing rates to larger stimuli. The magnitude of this reduction relative to the peak response will be operationally defined as the strength of the size tuning effect. Sst interneurons are thought to contribute to this effect because they integrate inputs from wide regions of cortex (Adesnik et al., 2012; Zhang et al., 2014) and because suppressing their activity reduces the amount of size tuning (Adesnik et al., 2012) . If locomotion reduced their activity via inhibition from Vip cells, it should similarly reduce size tuning. This prediction is correct at least in the deep layers of V1 and, perhaps because of cortical feedback, also in lateral geniculate nucleus (LGN, Erisken et al., 2014) .
To investigate these possibilities, and to understand the roles and relationships of different types of interneurons, we systematically investigated the effect of running on visual cortical responses to stimuli of different size. We used two-photon microscopy to measure the activity of genetically-identified Sst, Vip, and Pvalb interneurons, together with pyramidal cells identified either genetically or using a criterion based on the skewness of their calcium traces. Our results indicate that locomotor modulation of each cell class depends critically on the conditions of visual stimulation. As a result, subtle differences in experimental conditions can explain many of the apparent contradictions between previous studies.
Our results, moreover, indicate multiple ways in which the disinhibitory model is inconsistent with the observed effects of locomotion. These observations lead us to propose an extension of this model, in which Vip and Sst cells inhibit each other in a stimulusdependent winner-take-all circuit.
Results
We used two-photon imaging to measure the activity of Pyr neurons and of Sst, Vip, and Pvalb interneurons in mouse V1 (Figure 1 ). Mice were head-fixed and free to run on an air-suspended ball (Niell and Stryker, 2010) while viewing a circular horizontal grating drifting downward for 1 s, in windows whose size ranged between 5° and 60° of visual angle ( Figure 1A1 ). We selected for analysis only cells whose receptive field and orientation tuning matched the stimulus, and corrected for out-of-focus fluorescence using previously described methods (Supplementary Figure  1A ; Chen et al., 2013; Peron et al., 2015) .
Recording the activity of identified cell classes
To identify neurons belonging to a specific class we used one of two approaches ( Figure 1A,B ). In the first approach, we expressed calcium indicator exclusively in a chosen cell class, by using a triple-transgenic line that expressed the indicator GCaMP6s specifically in superficial layer Pyr cells ( Figure 1B1 ), or by injecting a Cre-dependent virus expressing GCaMP6m into an appropriate transgenic driver line (Supplementary Figure 1B2 ). In the second approach, we injected an unconditional virus to express GCaMP6m in all neurons ( Figure 1A2 -A4) in double-transgenic mice, where a specific cell class was also labeled with tdTomato. This second approach allowed us to record the activity of identified interneurons together with a large number of unlabeled neurons. These unlabeled neurons are likely to comprise mostly Pyr cells, in addition to interneurons of all classes except the labeled one.
The interneurons of all three classes fired much more frequently than the pyramidal neurons ( Figure 1C , D). Superficial-layer pyramidal cells in mouse visual cortex are known to fire sparsely (Niell and Stryker, 2010) . Consistent with this notion, the fluorescence traces of a typical genetically-identified pyramidal cell showed rare isolated calcium events ( Figure 1C1 ). Because events with strong fluorescence were rare in these traces, the distribution of fluorescence was highly skewed ( Figure 1D1 ). By contrast, the typical calcium fluorescence traces of identified Pvalb, Vip, and Sst interneurons showed frequent calcium events ( Figure  1C2 -C4), and the corresponding distributions of fluorescence showed little skewness ( Figure 1D2-D4 ). On the other hand, a large number of concurrently measured unlabeled neurons showed sparse activity (example in Figure 1C5 ) and high skewness ( Figure 1D5 ), resembling the identified Pyr cells ( Figure 1C1, D1 ). These marked differences in skewness were robust across the population, and allowed us to identify putative Pyr cells among the unlabeled neurons ( Figure  1E ). Whereas most Pyr cells had skewness values above 3 (81.2%, n = 5,556, Figure 1E1 ), only a minority of identified interneurons had skewness values above that value (Pvalb: 0.5%, n = 192; Vip: 2.4%, n = 633; Sst: 14.5%, n = 525, Figure 1E2 -E4). Unlabeled cells showed a mixture of these two distributions ( Figure 1E5 ). We thus identified unlabeled cells with skewness > 3 as putative Pyr cells. 
Effects of locomotion on baseline activity
As a first test of the disinhibitory model, we asked how locomotion affected baseline activity, measured during long periods of gray screen presentation ( Figure 2 ). In Sst cells these measurements revealed ways in which previous apparently conflicting reports could be reconciled.
In other interneurons, these measurements showed strong effects on baseline activity, an unexpected dependence on cortical depth, and phenomena that run opposite to the predictions of the disinhibitory model. Consistent with previous results (Niell and Stryker, 2010; Polack et al., 2013; Saleem et al., 2013) , locomotion caused diverse but weak effects on the baseline activity of Pyr cells (Figure 2A ). The sparse baseline activity of a typical Pyr cell correlated weakly with running speed ( Figure 2A1 ). Similar results were seen in the population of identified Pyr cells, where the average correlation of baseline activity and running speed was close to zero (ρ = 0.01 ± 0.01 S.E., n = 5,556 genetically identified Pyr cells), and was significantly positive or negative only in 10% and 13% of the cells (p<.05, shuffle test, Figure 2A3 ), which nonetheless represented a greater fraction than expected by chance (p < 10 -16 , Fisher's combined probability test). Similar results were seen in the putative Pyr neurons identified by their sparse firing during imaging with unconditional labeling: correlations were small on average (ρ = −0.04 ± 0.01; SE, n = 3,121, Supplementary Figure 2A ,B). In agreement with previous results obtained in darkness (Fu et al., 2014) , when the monitors were switched off the mean correlation of Pyr activity with speed was again close to zero (ρ = −0.01 ± 0.01, SE, Supplementary Figure 3A1 ,B1).
The effects of locomotion on the baseline activity of Pvalb interneurons were stronger and more varied, and also depended on cortical depth ( Figure 2B ). For example, in two typical Pvalb cells imaged simultaneously ( Figure 2B1 ), activity correlated negatively with running speed in the more superficial cell (darker trace, ρ = −0.46 , p = 0.03, shuffle test) and positively in the deeper cell (lighter trace, ρ = 0.48, p < 10 -3 shuffle test). These results were typical of the population (n = 192), where the correlations were strong and depended significantly on depth (p < 10 -3 ; Figure 2B2 ). Among Pvalb cells in superficial L2/3 (depth <300 µm, n = 129) the overall correlation with speed was negative (−0.16 ± 0.03, SE), and this correlation was significantly negative in 31% of the cells and significantly positive only in 8% of the cells (p<.05; shuffle test). The situation was reversed in deeper L2/3 (n = 63), where Pvalb cells showed an overall weak positive correlation with speed (ρ = 0.09 ± 0.05, SE), with correlations significantly positive in 38% of cells and negative in only 13% of cells (p<.05; shuffle test). When pooling across depth, therefore, a wide variety of effects was seen ( Figure 2B3 ), echoing the wide and bimodal range of correlations observed in darkness (Fu et al., 2014) .
Also in agreement with previous observations (Fu et al., 2014) , Vip interneurons showed a very different behavior: their baseline activity correlated strongly and positively with locomotion ( Figure 2C ). The typical Vip cell increased baseline activity markedly with locomotion ( Figure 2C1 ), and the overall population showed almost exclusively positive correlations with running speed, with a mean correlation of 0.23 ± 0.01 (SE, n = 633). This correlation was significantly positive in 60% of cells and negative in only 2% of the cells (p<.05; shuffle test), with correlation increasing mildly but significantly with cortical depth (p < 10 -5 ; Ztest). We found similar results when we repeated these measurements in darkness ( = 0.14 ± 0.01, SE, Supplementary Figure 3A2 ,B2).
Contrary to the predictions of the disinhibitory circuit, however, strong positive correlations with locomotion were also seen in the baseline activity of Sst interneurons ( Figure 2D ). The typical Sst cell increased its baseline activity markedly with locomotion ( Figure  2D1 ) and across the population the correlation of baseline activity with running speed was on average positive (0.18 ± 0.01, SE, n = 525), and only marginally dependent on depth (p = 0.046; Z-test, Figure 2D2 ). The resulting distribution was significantly positive in 49% of cells, and negative in only 7% of cells (p<.05, shuffle test; Figure 2D3 ). These effects of locomotion on the baseline activity of Sst interneurons confirm some previous results (Polack et al., 2013) but they appear to disagree with other measurements (Fu et al., 2014) . Indeed, they run opposite to the predictions of the disinhibitory circuit, which would have predicted negative effect of locomotion on baseline activity of Sst cells.
To confirm the validity of these results, we first ensured that they were not due to possible contamination from background fluorescence originating in other cell classes. We repeated the measurements in Sst-IRES-Cre mice where the calcium indicator was expressed only in Sst cells by injecting a Cre-dependent GCaMP6m virus (Supplementary Figure 1B2) ; the virus was injected in adult animals, thus excluding the off-target expression that might occur in cells that expressed Cre only transiently during development (Hu et al., 2013) . These experiments confirmed our original results: where GCaMP6 was strongly expressedwhether cell bodies or neuropil -the average correlation of baseline activity with running speed was positive (Supplementary Figure 1D2 -E2). A pixel-bypixel analysis further confirmed that these results did not depend on our specific method of ROI detection (Supplementary Figure 1C ). We next asked if the disagreement on the effects of locomotion on the baseline activity of Sst cells could be due to different visual conditions used in different experiments. The experiments of Fu et al. (2014) were performed in darkness, whereas in ours ( Figure 2D ), and those of Polack et al. (2013) , the mouse faced a gray screen. A gray screen can provide effective visual stimulation, particularly to Sst cells whose large receptive field (Adesnik et al., 2012) may encompass the edges of the screens, which create high contrast.
We thus repeated our measurements of Sst baseline activity in darkness, and found that the effects of running were again diverse, but were now overall negative rather than positive ( = −0.12 ± 0.01, SE; p <10 -12 t-test, Supplementary Figure 3A3 ,B3,C), just as in the experiments of Fu et al. (2014) .
These measurements, therefore, reconcile the apparent divergence of previous results: the effect of running on baseline activity of Sst cells is overall positive when mice view a gray screen ( Figure 2D and Polack et al., 2013) , and mildly negative when mice are in darkness (Supplementary Figure 3A3 ,B3, C and Fu et al., 2014) . The disinhibitory model, however, is consistent only with the observations made in darkness, not the observations made with the gray screen.
Effects of locomotion on responses to gratings of different sizes
The previous analysis highlights the importance of controlling visual stimulation when studying the effects of locomotion. These effects could be radically different depending on whether they were measured in the dark or in the presence of a gray screen. We thus asked how locomotion affects the responses to stimuli of different sizes. To determine the specific effect of locomotion on the visual responses, in this analysis we measured responses to stimuli (drifting gratings) relative to baseline activity measured prior to stimulus onset. We selected only cells that were visually responsive (significant effect of stimulus size, p < 0.05, 1-way ANOVA) and whose receptive field was centered within 10° of the center of the visual stimulus. Amongst Pyr neurons with clear orientation tuning (orientation selectivity index > 0.2), we selected only those whose preferred orientation differed by <45° from the stimulus.
The responses of genetically identified L2/3 Pyr cells showed strong selectivity for small stimuli (in agreement with Adesnik et al., 2012) , and exhibited only a mild effect of locomotion ( Figure 3A) . The responses of a typical Pyr neuron were substantially stronger to a 5° stimulus than to a 60° stimulus, regardless of locomotion ( Figure 3A1 ). Accordingly, the tuning curves showed clear selectivity for stimulus size, i.e. size tuning for both this cell ( Figure 3A2 ) and the overall population of genetically identified Pyr cells (n = 607; Figure 3A3 ). On average, locomotion slightly increased responses to both small stimuli (p < 10 -6 , paired t-test) and large stimuli (p < 10 -3 , paired t-test). However, this effect was highly diverse among cells, with locomotion significantly increasing or decreasing responses in 16% and 6% of Pyr cells respectively (p<.05; 2-way ANOVA, main effect of running over 5° and 60° stimuli, Figure 3A4 ). This diversity was accompanied by a diversity in size tuning across cells ( Supplementary Figure 4 ). Many cells (23%) showed a significant interaction of running and stimulus size (p<.05; 2-way ANOVA over 5° and 60° stimuli; Figure  3A4 ). In these cells, locomotion changed the relative response to large and small stimuli, as seen previously in deeper layers . Similar results were found in putative pyramidal cells identified by the sparseness of their calcium traces (Supplementary Figure 2C ,D).
Pvalb interneurons showed similar selectivity for stimulus size, but a stronger and almost invariably positive effect of locomotion ( Figure 3B ). A typical Pvalb interneuron responded strongly to small stimuli and more weakly to larger stimuli, and its responses markedly increased during locomotion ( Figure 3B1-B2) . These effects were highly consistent across Pvalb interneurons (n = 37, Figure 3B3 ), with locomotion increasing firing rate in practically all cells ( Figure 3B4 ). This effect was seen in responses to both large stimuli (p < 10 -3 , paired t-test) and small stimuli (p < 10 -4 , paired t-test), with no significant interaction between stimulus size and locomotion (p = 0.79, within subject repeated measures ANOVA over 5° and 60° stimuli).
In Vip interneurons, running generally increased responses to small stimuli, but contrary to the predictions of the disinhibitory circuit, it did little to the responses to large stimuli ( Figure 3C) . A typical Vip interneuron responded most strongly to small stimuli during locomotion ( Figure 3C1-C2) . Similar results were seen across the population: Vip interneurons showed clear size tuning, and running increased their responses both to 5° stimuli (p < 10 -10 , n = 83, paired t-test) and to 60° stimuli (p < 10 -4 , paired t-test, Figure 3C3 ). However, the effect was stronger for small stimuli, with a significant interaction of size and locomotion (p < 0.01, within subject repeated measures ANOVA over 5° and 60° stimuli; Figure 3C4 ). Similarly to baseline activity, we found that modulation of visual responses by running grew with cortical depth (p < 10 -4 , Z-test; Supplementary Figure 5 ). showing change with running of responses to large stimuli (60°; y-axis) and to small stimuli (5°; x-axis). Circles represent cells whose responses have a significant interaction between size and running (multi-way ANOVA over 5° and 60° stimuli only), squares represent cells that did not have a significant interaction but did have a significant effect of running; dots represent cells with no significant effect of locomotion. Arrow marks example cell shown in A1-2, square marks mean response. (B-D), similar analysis for Pvalb, Vip, and Sst neurons.
Sst interneurons responded preferentially to large stimuli, and contrary to the predictions of the disinhibitory circuit these responses increased with running ( Figure 3D ). Consistent with the data of Adesnik et al. (2012) , a typical Sst interneuron gave weak responses to small stimuli, and strong responses to larger stimuli, which became even larger if the animal was running (Figure 3D1, D2) . Similar results were seen across the population (n = 110, Figure 3D3) , with overall activity peaking for stimuli of ~20° during stationary conditions, and ~30° during running. Some Sst cells showed clear size tuning ( Supplementary  Figure 4C,D) . This observation differs from those of Adesnik et al. (2012) and may reflect high sensitivity of these cells to stimulus centering (Supplementary Figure 6 ). In the centered Sst cells, nevertheless, there was a significant interaction between stimulus size and locomotion (p < 10 -4 , within subject repeated measures ANOVA over 5° and 60° stimuli). While running did not significantly affect the responses to small stimuli (p = 0.64, paired t-test, Figure 3D4 ), opposite to the predictions of the disinhibitory circuit it strongly increased the responses to large stimuli (p < 10 -4 , paired t-test).
For large stimuli, therefore, our results contradict the disinhibitory model, which predicts that locomotion should increase firing in Vip cells and decrease it in Sst cells. Instead, we saw something closer to the opposite behavior: when large stimuli are present, locomotion does little to Vip cells, and markedly increases the activity of Sst cells.
Correlations of interneuron activity with putative pyramidal activity
To further test the disinhibitory model, we examined the patterns of correlation between different interneuron types and Pyr cells (Figure 4) . To measure correlation, we relied on our ability to record simultaneously the activity of identified interneurons and of sparse-firing putative Pyr neurons (Figure 1 ). This analysis revealed dramatic differences between interneuron classes.
Consistent with the view that Pvalb interneurons track the activity of Pyr cells (Cruikshank et al., 2007; Isaacson and Scanziani, 2011; Okun and Lampl, 2008; Ozeki et al., 2009; Renart et al., 2010) , we found strong positive correlations between the Pvalb and Pyr populations, regardless of locomotion ( Figure 4A ). In each experiment, we summed the activity of the Pvalb interneurons and compared it to the summed activity of the simultaneously recorded putative Pyr cells. Only cells whose receptive field lay within 10° from the stimulus center were considered. In a typical experiment the spontaneous correlations ( 0 ) measured in the presence of a gray screen were strongly positive, whether the mouse was stationary ( 0 = 0.64, Figure 4A1 ) or running ( 0 = 0.31, Figure  4A2 ). Similar results were seen across all experiments ( 0 = 0.54 ± 0.10, SE, during stationarity and 0.35 ± 0.14 during running). Examining population signal correlations -i.e. the relationship of the mean summed responses of the Pvalb and Pyr cells across stimuli -also showed a strong, positive correlation in both stationary ( = 0.66 for the example in Figure  4A3 , 0.81 ± 0.08 across all experiments) and running conditions ( = 0.90 for the example in Figure 4A4 , 0.88 ± 0.02 SE across all experiments). Similar results were also found for population noise correlations (i.e. the relationship between trial-to-trial variability in summed activity of the Pvalb and Pyr populations; Supplementary Figure 7) . The high positive linear correlation of the Pvalb and Pyr populations is consistent with the prevalent view that Pvalb cells track the summed activity of the Pyr population during spontaneous activity, stimulus responses, and trial-totrial fluctuations (Isaacson and Scanziani, 2011) .
Vip cells showed a markedly different behavior. Their correlations with Pyr populations differed from those of Pvalb cells in two respects. First, while spontaneous and noise correlations tended to be positive ( 0 = 0.27 ± 0.33, SE, during stationarity and 0.61 ± 0.16 during running; = 0.10 ± 0.09, SE, during stationarity and 0.23 ± 0.12 during running), they were weaker than those of Pvalb cells, at least during stationarity (Fig. 4D1,2 and Supplementary Figure 7) . Second, the relationship between the population mean responses of Vip and Pyr cells showed clear evidence of nonlinearity during running conditions ( Figure 4B4 ). This nonlinearity reflects the observation that Vip and Pyr populations show qualitatively different size tuning during running, with Vip cells peaking at smaller stimulus sizes (compare Figs. 3C3 and 3A3) . It further suggests that, unlike for Pvalb cells, the sensory tuning of Vip cells during running cannot be explained by a simple tracking of excitatory activity.
Sst interneurons showed yet a different sort of behavior. Consistent with previous results in somatosensory cortex (Gentet et al., 2012) , the correlation of the Sst and Pyr populations was weak or negative, both in stationary conditions ( 0 = −0.64 for the example in Figure 4C1 , −0.22 ± 0.17 SE across all experiments), and during running ( 0 = -0.53 for the example in Figure 4C2 , −0.30 ± 0.07 SE across all experiments). Noise correlations were also weak or negative ( Supplementary Figure 7; = 0.05 ± 0.18 SE, stationary, = −0.18 ± 0.07 SE, running). Signal correlations showed a complex interaction of running and stimulus size. During stationary conditions, signal correlations tended to be positive ( = 0.91 in the example, Figure 4C3 ). But during running the relationship between the population mean responses of Sst and Pyr cells was again nonlinear ( Figure 4C4) . The weak or negative spontaneous and noise correlations indicate that the activity of the Sst population again cannot be determined primarily by tracking of local excitatory activity, and is instead consistent with suppression of Pyr activity by Sst cells. However, the running-dependent and nonlinear relationship between the mean response of these two populations indicates that suppression of Pyr activity by Sst cells is unlikely to fully account for their size tuning under all conditions. Overall, thus, these results paint a more complex picture than would be expected from the disinhibitory model. The model predicts that Pyr activity should increase with Vip activity and decrease with Sst activity. This prediction is consistent with correlations measured during spontaneous activity, but is not consistent with the covariation of stimulus responses seen in the presence of large stimuli, which shows the opposite pattern of activity. Visual stimulation, therefore, creates situations where the disinhibitory circuit is incorrect.
Discussion
Our results indicate that one cannot simply ask whether locomotion increases or decreases the activity of a particular cell class: the effects of locomotion in mouse V1 interact with the precise sensory conditions present, in a manner that varies between cell classes and even with cortical depth. We found that locomotion increased sensory responses in all cell classes, with the increase being most prominent for large stimuli in Sst cells, for small stimuli in Vip cells, not strongly dependent on stimulus size for Pvalb cells, and with diverse size-dependence amongst individual pyramidal neurons. The effects of locomotion on baseline neural activity (as assessed by gray screen viewing) were more complex: locomotion generally increased activity in Sst neurons; strongly increased activity in Vip neurons, and had diverse effects on Pvalb and Pyr cells, generally decreasing activity of Pvalb cells in superficial L2/3 and increasing activity in deeper cells.
Our results indicate that apparent discrepancies in the previous literature may in fact reflect subtly different paradigms used in different experiments. For example, a previous study reported very weak size tuning in Sst cells during running (Adesnik et al., 2012) . Although we observed robust size tuning in stationary animals, this was greatly reduced during locomotion, when it was indeed absent unless we restricted analysis to the most centered cells in our database. In two other studies on the spontaneous activity of Sst cells, one reported an increase with locomotion (Polack et al., 2013) , while another reported a decrease (Fu et al., 2014) . When we replicated the conditions of both studies (gray screen for the first study, complete darkness for the second), we replicated both of their results in the same neurons. This result reconciles the apparent contradiction between these previous studies.
Our results also reinforce the importance of correcting for out-of-focus fluorescence in 2-photon calcium imaging. Indeed, without correcting for this confound, one would observe an artifactual negative correlation of fluorescence with running speed, specifically in image regions where GCaMP was not expressed strongly ( Supplementary Figure 1) .
We had set out to test a specific, simple "disinhibitory" hypothesis: that during locomotion, increased activity of Vip cells would inhibit Sst cells, and thus increase the activity of pyramidal cells (Fu et al., 2014) . While many of our results were consistent with the hypothesis, others could not be explained by this simple model alone. We confirmed that locomotion increased responses in Vip interneurons. But while the disinhibitory model predicts that increased Vip activity should suppress Sst firing, we found that Sst firing instead increased during locomotion, as long as visual inputs were present (even a blank gray screen). This increase in Sst firing with running must therefore reflect a mechanism other than the simple disinhibitory circuit; while this mechanism is currently unknown, one possibility could be the action of muscarinic acetylcholine receptors. Previous work has implicated acetylcholine in the depolarization of V1 Vip cells during running, through the action of nicotinic receptors (Fu et al., 2014) ; although Sst cells do not express nicotinic receptors, they do express muscarinic acetylcholine receptors, which can have a strong depolarizing effect (Chen et al., 2015; Fanselow et al., 2008; Kawaguchi, 1997) .
Intriguingly, the effects of locomotion on Vip and Sst cells depended on the stimulus in a complementary manner. When large grating stimuli were present, running strongly boosted Sst cell activity, but had little effect on Vip cells. Conversely, when small stimuli were present, Vip cells showed the greater increase in activity. These results suggest that locomotion might set up a competitive interaction between these two mutually inhibitory interneuron types (Karnani et al., 2016b; Pfeffer et al., 2013) . Vip cells have a narrow dendritic and axonal structure that suggests a highly localized role in cortical processing (Jiang et al., 2015; Karnani et al., 2016a) , while Sst cells receive input from a retinotopically wide area of the local cortical region (Adesnik et al., 2012; Zhang et al., 2014) . The presentation of small visual stimuli, combined with excitation caused by locomotion ( Figure 5A ) may thus synergistically excite Vip cells, causing them to suppress Sst neurons. Conversely presentation of large visual stimuli during locomotion ( Figure 5B ) may synergistically drive Sst cells, causing them to suppress Vip cell activity. This mutual suppression model may explain a large number of our current observations, including the complementary size tuning of Vip and Sst cells during running; the nonlinear relationship of their average responses to stimuli of different sizes with those of the Pyr population; and the signs of their respective spontaneous and noise correlations with summed local Pyr activity. Figure 5 . Hypothesized mechanism for the interaction between running and size tuning in L2/3 of mouse V1. While Pvalb interneurons closely track the summed firing of the Pyr population, the Vip and Sst populations are both excited by running, leading to a stimulusdependent competition between them. (A) When the stimulus is small, the disinhibitory mechanism holds: the Vip population receives stronger input, suppressing the Sst population, and relieving Pyr and Pvalb cells from inhibition. (B) When the stimulus is large, the disinhibitory mechanism is reversed: Sst cells receive greater net input, suppressing Vip cells and also inhibiting Pyr and Pvalb cells.
In contrast to the complex relationship of Vip and Sst neurons to summed Pyr activity, the activity of Pvalb interneurons was in all cases tightly locked to the local excitatory population. These data are therefore consistent with a model in which Pvalb cells receive strong excitatory input, serving primarily to stabilize the activity of the local circuit via tracking summed excitatory firing ( Figure 5 ; Cruikshank et al., 2007; Ozeki et al., 2009; Renart et al., 2010) .
What computational benefit might the interaction of locomotion, stimulus size, and cell type serve in visual cortex? One can consider two hypotheses for why visual cortical activity should be modulated by running. In the first hypothesis, boosting of activity in visual cortex in running animals serves as a form of modalityspecific attention: because vision is particularly important during spatial navigation, locomotion increases V1 activity while suppressing the activity of competing sensory systems. While this is supported by the fact that locomotion appears to decrease activity in other cortical regions (Schneider et al., 2014; Zhou et al., 2014) , it cannot explain why the effects of locomotion on V1 pyramidal cells are so diverse, boosting some while decreasing others, as well as boosting responses only to certain sensory stimuli (Keller et al., 2012; Saleem et al., 2013) . The second hypothesis holds that locomotor modulation of V1 is not simply a matter of gain control, but a detailed integration of visual and locomotor input, that critically depends on diverse neuronal integration of these two input streams. Indeed, work in virtual reality environments has suggested that, rather than simply making visual responses larger or smaller, locomotor modulation may underlie more complex computations, such as integrating the animal's own movement with that of the world (Keller et al., 2012; Saleem et al., 2013) . Diverse interaction of sensory stimuli and locomotion in different interneuron classes might form a key mechanism behind this integration.
Methods

Mice
Experiments in which an interneuron class was labelled with tdTomato and recorded together with other cells were conducted in double-transgenic mice obtained by crossing Gt(ROSA)26Sor<tm14(CAG-tdTomato)Hze> reporters (Madisen et al., 2010) with appropriate drivers: Pvalb<tm1(cre)Arbr> (Hippenmeyer et al., 2005) (2 males, 2 females), Vip<tm1(cre)Zjh> (Taniguchi et al., 2011) (1 male, 2 females), and Sst<tm2.1(cre)Zjh> (Taniguchi et al., 2011) (2 males). These mice are referred to as Pvalb x tdTom, Vip x tdTom and Sst x tdTom, respectively. Experiments in which indicator was expressed uniquely in one interneuron class were conducted in single transgenic mice: Vip<tm1(cre)Zjh> (n=1), and Sst<tm2.1(cre)Zjh> (n=3), referred to as Vip-Cre and Sst-Cre respectively. Experiments in which pyramidal cells were labelled exclusively were conducted in CamK2a-tTA; Ai94(TITL-GCaMP6s); Rasgrf2-2A-dCre triple transgenic mice (n=3) (Madisen et al., 2015) .
Ten mice were housed under reversed light-dark (12h and 12h) conditions after surgery and for the duration of the experiments, while six mice were housed in normal light condition. Mice were used for experiments at adult postnatal ages (P54-110). All experimental procedures were conducted according to the UK Animals Scientific Procedures Act (1986) . Experiments were performed at University College London under personal and project licenses released by the Home Office following appropriate ethics review.
Animal preparation and virus injection
In experiments where an interneuron class was recorded together with other cells, mice were injected with an unconditional GCaMP6m virus, AAV1.Syn.GCaMP6m.WPRE.SV40 (referred to as nonflex.GCaMP6m). In experiments where an interneuron class was labelled by unique expression, mice were injected with AAV1.Syn.Flex.GCaMP6m.WPRE.SV40 (flex.GCaMP6m) and AAV2/1.CAG.FLEX.tdTomato.WPRE.bGH (flex.tdTomato). In both cases, viruses were loaded in a beveled sharp micropipette mounted on a Nanoject II device (Drumond) attached to a micromanipulator. All injections were performed in adult mice (P35-P76), and in the same procedure they were head-implanted in a stereotaxic frame while under anesthesia (decreasing level of isofluorane from 4.5% to 0.75% during the surgery). One-three boli of 100-200 nl virus (dilution: 2.23 10 12 GC/ml for non-flex.GCaMP6m; 2.71 10 12 for flex.GCaMP6m) were stereotaxically injected unilaterally into monocular V1 (Wagor et al., 1980) 2.1-3.3 mm laterally from Bregma and at a depth of L2/3 (200-400 μm). All viruses (AAVs) were acquired from University of Pennsylvania Viral Vector Core.
In Vivo Calcium Imaging
Experiments were performed 16-34 days after virus injection (P54-110). We used a B-scope (ThorLabs, Ely UK), with an acquisition frame rate of about 30Hz which (corresponding for each plane to a rate of 4-6 Hz) is then interpolated to a frequency of 10 Hz common to all planes. Recordings occurred in the area where expression was strongest. In most recordings (n = 14) this location was in the monocular zone (MZ, horizontal visual field preference > 30°) (Wagor et al., 1980) . Other recordings (n = 2) were performed in the callosal binocular zone (CBZ, n= 1, 0-15°) (Wang and Burkhalter, 2007) and others (n = 4) in the acallosal binocular zone (ABZ, 15-30°).
Visual stimuli and experimental protocol
Horizontal gratings were projected in a visual location adjusted to match the center of GCaMP expression, on one of two screens that together spanned -45 to +135 deg of the horizontal visual field and ±42.5 deg of the vertical visual field ( Figure 1A1 ). During gray screen presentation, the screens were set to a steady gray level equal to the background of all the stimuli presented for visual responses protocols. Stimuli had a temporal frequency of 2 Hz and spatial frequency of 0.15 cycles per degree.
Calcium data processing
Raw calcium movies were realigned to account for brain motion using a registration algorithm (Guizar-Sicairos et al., 2008) . Regions of interest (ROIs) were semi-automatically identified using custom algorithms, with post-hoc manual curation to distinguish somata from dendritic processes based on their morphology. Cells expressing tdTomato were identified semiautomatically using an algorithm based on their average fluorescence in the red channel. Pyramidal neurons were identified by their high skweness (Fig. 1) , computed during long recordings of visual stimulation (size tuning) and gray stimulus presentation (when present).
Pixel maps of calcium data
To confirm the correlation of running speed and fluorescence independent of ROI detection, we computed correlation maps (Supplementary Figure  1C) , showing for each pixel, the Pearson correlation between the activity of the pixel and the running speed (c.f. Freeman et al. (2014) ). Prior to correlation, the activity of each pixel was smoothed by convolving with a spatial Gaussian with standard deviation equal to 1.5 pixels, and a temporal Hamming window of 1 s width.
The correlation of baseline fluorescence with running speed varied across the field of view. In regions where GCaMP was expressed strongly, baseline fluorescence correlated positively with running speed, likely indicating an increase in axonal and dendritic activity in locomoting animals. However, in areas where GCaMP fluorescence was weak, the correlation of the background with running speed was negative, likely indicating increased hemodynamic filtering of the light due to stronger blood flow during running (Huo et al., 2015) . To ensure this did not affect our results, we removed background fluorescence from the detected fluorescence of recorded neurons (see below).
Background fluorescence correction
With two-photon GCaMP imaging, an important concern is that out-of-focus fluorescence can contaminate the signal ascribed to particular neurons; this is of particular concern in situations where the surrounding GCaMP-labelled neuropil may itself show modulation by stimuli or behaviors such as locomotion.
In order to correct out-of-focus contamination, we adopted the method of (Peron et al., 2015) . A "neuropil mask" was defined as the region up to 35 m microns from the ROI border, excluding pixels corresponding to other detected cells. The fluorescence in this mask was subtracted from the raw cell trace with a correction factor equal to 1 (Supplementary Figure 1A) . We verified that this correction factor was appropriate for our data by examining the lower envelope of the relationship between neuropil and somatic fluorescence, which had a slope close to 1 for all cells (example in Supplementary Figure 1A2 ).
Analysis of neural activity
The average fluorescence was defined by ΔF/F0 = (F-F0)/F0, where F is the average raw calcium signal during the first second of the stimulus presentation, and F0 is the global minimum of the fluorescence trace after smoothing with a 10-point average filter (time between two time points is 0.1 s). The correlation of neural activity with running speed during gray screen presentation was assessed by the Pearson correlation coefficient between the calcium signal and the running speed trace, on an interpolated timebase of 10 Hz, smoothed (5 points) and decimated (1 Hz). To ascertain the significance of this correlation we used a shuffling method, in which the speed trace was randomly circularly shifted relative to the fluorescence trace 1,000 times -this was necessary because serial correlation in the timeseries of fluorescence and speed rendered successive samples statistically dependent.
The size of a cell's response to a stimulus was defined by the difference of ΔF/F0 between the first 1 s of the stimulus period, and the 1 s of baseline activity prior to stimulus presentation. A neuron was determined to have a significant response to the stimulus using a paired t-test of the hypothesis that fluorescence during rest vs. locomotion come from distributions with equal means.
To measure each cell's retinotopic location, in the majority of datasets (n = 16) receptive fields were obtained from responses to sparse, uncorrelated noise. The screen was divided into squares of 5 by 5 degrees, and each square was independently turned on and off randomly at a 5Hz overall rate. At any time, 5% of all squares were on. For each neuron, each cell's response to each square was obtained using stimulus-triggered averaging. The receptive fields were smoothed in space and their peak was identified as the preferred spatial position. In a subset of early experiments (n = 4), receptive fields were assessed with flickering vertical or horizontal bars appearing in different locations; we verified in a further n = 4 datasets that the two measures of a cell's receptive field were consistent.
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